Objectives To identify the protective role of sodium cromoglycate in mice during influenza virus infection.
Introduction
Owing to its rapid spread and high pathogenicity, avian influenza virus (AIV) H5N1 has caused severe problems in domestic poultry and humans worldwide. Since the first case of a human infected with highly pathogenic AIV (HPAIV) was reported in Hong Kong in 1997, this has been followed by an outbreak of HPAIV in China in 2004; therefore, AIV has gained significant attention. [1] [2] [3] The uncontrolled virus-induced "cytokine storm" and virus replication in both poultry and humans after HPAIV infection were the main contribution to the acute lung injury and mortality in both humans and animals. [4] [5] [6] Studies have shown that the "cytokine storm" produced by the overreacting immune system was responsible for the pathogenesis of H5N1 influenza. 7 During a cytokine storm in which there is the dysregulation of cytokines, their effects might become excessive and harmful. 8 The use of antiinflammatory doses of corticosteroids to control excessive inflammation might not improve the survival rate of H5N1-infected mice because of severe side effects. 9 Furthermore, cytokine and chemokine knockout mice or steroid-treated wild-type mice did not have a survival advantage over wildtype mice following viral challenge. 10 Mast cells are distributed widely in all tissues throughout the body and are best known for their potent effector functions in allergic diseases. 11 The involvement of mast cells in tumors and parasitic, bacterial, and viral infections has also attracted widespread attention. 12, 13 Many studies have shown that mast cells play a crucial role in the process of some viral infections, such as dengue virus, human immunodeficiency virus, Newcastle disease virus, and infectious bursal disease virus, by producing many inflammatory molecules including potent proteases, cytokines, chemokines, and arachidonic acid metabolites. [14] [15] [16] [17] [18] Our previous study revealed that mast cells play roles in the pathogenesis of lung injury after H5N1 virus infection by producing proinflammatory mediators including tryptase, histamine, and interferon-c (IFN-c). In addition, the resulting lung injury was improved by treatment with ketotifen, which inhibits mast cell activation. 19 Sodium cromoglycate (SCG) can inhibit degranulation and the release of histamine and inflammatory mediators from mast cells. It is used to treat allergic asthma, allergic rhinitis, small intestine ischemia/reperfusion, allergic conjunctivitis, and contact dermatitis; [20] [21] [22] [23] [24] however, its role in the pathogenesis of H5N1 virus infection is unclear. In this study, we investigated whether SCG has protective effects during the initial process of influenza virus infection and the possible mechanism behind any such effects. We show that SCG can improve the mouse survival and respiratory pathological changes. Although viral replication was not inhibited, SCG could regulate the expressions of IL-6, TNFa, TLR3, and TRIF to alleviate the pathological injury to the nose, trachea, and lungs by reducing the inflammatory response.
Methods

Animals and cells
Female BALB/c mice aged 6-8 weeks were purchased from Vital River Laboratories (Beijing, China), and the original breeding pairs were from Charles River Laboratories. The mice were housed in independent ventilated cages, and received pathogen-free food and water. Animal experiments were controlled by the Regulations of Experimental Animals of Beijing Authority and approved by the Animal Ethics Committee of the China Agricultural University.
Madin-Darby canine kidney (MDCK) cell line was provided by the Cell Resource Center of Peking Union Medical College. They were cultured in Dulbecco's minimal essential medium (DMEM; HyClone Laboratories, Logan, UT, USA) containing 10% fetal bovine serum (FBS; HyClone), 100 U/ml penicillin, and 100 lg/ml streptomycin.
Chemicals
Sodium cromoglycate nasal spray (Vividrin) was purchased from Bausch & Lomb (Germany); 1 ml spray contained 20 mg SCG. Oseltamivir phosphate (Tamiflu; Roche, Basel, Switzerland) was dissolved in 0Á85% saline and administered to the mice at a dose of 10 mg/kg body weight, as described previously. 19 
Virus and challenge
The H5N1 influenza virus (A/chicken/Henan/1/2004, clade 2) used in this study was isolated from infected chicken flocks. This strain has six consecutive basic amino acids at the hemagglutinin (HA) cleavage site, and the receptor binding sites are exactly the same as those in A/Hong Kong/156/97 (H5N1). The virus was isolated from Henan Province, China. The virus was propagated in MDCK cells at 37°C for 48 h, and the viral supernatant was harvested, aliquoted, and stored at À80°C. The 50% lethal dose (LD50) was determined in mice after serial dilution of the stock in phosphate-buffered saline (PBS). The mice were anesthetized with Zoletil (Virbac, Carros, France) and infected with 3 LD50 in 50 ll intranasally. The body weights of the challenged mice were recorded daily, and the survival rates of the infected and treated mice were calculated on days 3 and 5 post-infection (pi). Visual grading of clinical changes was performed on days 3 and 5 pi. The standards are as follows: 0, no significant changes; 1-2, inactivity and inappetence; 3-4, inactivity, ruffled hair, inappetence, and emaciation; 5-6; inactivity, ruffled hair, inappetence, emaciation, and labored respiration.
Treatment trial
The BALB/c mice were selected and divided into the PBS-, SCG-, or oseltamivir-treated groups after infection, eight mice in each group. The survival rate and clinical changes were observed and calculated daily after inoculation. Before the formal test, pre-tests were performed to verify the optimal dose of SCG that had a therapeutic effect in H5N1 virus-infected mice. SCG was administered intranasally to anaesthetized mice at a dose of 10, 25, or 50 mg/kg body weight, starting immediately post-viral challenge, 10 mice in each dose group. The details of the pre-test and formal test are shown in Table 1 .
Plaque assay
Madin-Darby canine kidney cells were cultured in Dulbecco's modified Eagle medium (DMEM) (HyClone Laboratories, UT, USA) containing 10% fetal bovine serum (FBS) (HyClone), 100 U/ml penicillin, and 100 lg/ml streptomycin. Right lung homogenates from individual mice were prepared and diluted 10-fold in DMEM and added to a monolayer of MDCK cells in semisolid agar containing 0Á5-lg/ml trypsin-tolylsulfonyl phenylalanyl chloromethyl ketone (TPCK) (Sigma, Beijing, China). Cultures were incubated at 37°C and 5% CO 2 for 60-72 h, fixed, and stained with 1% crystal violet. The plaque-forming unit (PFU) was then counted.
Histology and immunohistochemistry
The right lungs, nose, and trachea were removed from euthanized mice and fixed in 4% neutral formalin at room temperature for 48 h. Serial tissue sections 5 lm thick were obtained after embedding in paraffin. Each slide was stained with hematoxylin and eosin (H&E). Pathological changes were observed and scored under an Olympus microscope (Olympus Optical Co., Ltd.). Criteria for grading changes were previously reported 25 with some modifications: grade 0 = no obvious pathological changes; grades 1-3 = inflammatory cell infiltration, hemorrhage, cell shedding; grades 4-5 = inflammatory cell infiltration, hemorrhage, vasculitis or bronchiolitis, and cell apoptosis and necrosis; grades 6-10 = severe inflammatory cell infiltration, severe hemorrhage, vasculitis or bronchiolitis, obvious edema, cell apoptosis and necrosis, and microthrombosis.
Tissues sections were stained as described previously 26 using an anti-influenza virus nucleoprotein monoclonal antibody (mAb; AA5H; Abcam, Hong Kong, China) at a 1:1000 dilution. Sections were examined by light microscopy (BX41; Olympus, Tokyo, Japan).
Viral RNA determination by real-time PCR
Total RNA was prepared from 10 mg tissue from left lungs homogenized in TRIzol reagent (Invitrogen, UT, USA) according to the manufacturer's instructions. DNase Itreated RNA (0Á2 lg) was reverse-transcribed into cDNA using random or universal primers for influenza A virus (Uni12). 27 Real-time PCR was performed to amplify the HA gene of H5N1 influenza virus using the Power SYBR Green PCR Master Mix Kit (ABI, Foster City, CA, USA) and the following primers: forward, 5
0 -CGCAGTATTCAGAAGAAG-CAAGAC-3 0 ; and reverse, 5 0 -TCCATAAGGATAGACCAGC-TACCA-3 0 . The reaction was run on an ABI 7500 with the following steps: 95°C for 10 min, and 40 cycles of denaturation at 95°C for 15 s, annealing at 56°C for 30 s, and extension at 72°C for 40 s. Data analyses were performed using the 7500 software (version 2.0; ABI) supplied with the instrument. The copy number of the HA gene was calculated using an HA-containing plasmid of known concentration as a standard.
Gene expression
Total RNA was prepared previously, and the RNA was purified using the RNeasy mini kit (Qiagen, USA). The RNA quality and purity were determined by NanoDrop ND-1000 spectrophotometer at 260/280 nm (NanoDrop Technologies, USA). A total of 0Á5 lg of total RNA was transcribed into cDNA with the PrimerScript RT reagent Kit (Takara, Japan) according to the manufacturer's instruction. The expression of tumor necrosis factor-a (TNF-a), interleukin-6 (IL-6), IFN-c, Toll-like receptor 3 (TLR3), TIR-domain-containing adapter-inducing interferon-b (TRIF), and b-actin was detected by real-time quantitative PCR. The real-time PCR primers used to amplify TNF-a, IL-6, IFN-c, TLR3, TRIF, and b-actin are listed in Table 2 . The reactions were carried out with an initial denaturation at 95°C for 10 min followed by 45 cycles of denaturation at 95°C for 15 s, annealing at 50°C for 30 s, and extension at 72°C for 40 s. Gene expression was normalized to that of the control group using the 2 ÀDDCt method with b-actin as the internal standard.
Statistical analysis
Data were expressed as means AE standard error (SE). The significance of the variability between different groups was determined by two-way tests of variance using the GRAPHPAD PRISM software (version 5.0). P values < 0Á05 were considered to be statistically significant.
Results
The protective effect of SCG in H5N1-infected mice
To investigate the protective effect of SCG in H5N1-infected mice, the survival rate, body weight, and clinical signs were recorded. As shown in Figure 1A , 25 mg/kg was the most efficient dose against H5N1 virus (25% survival rate on 240 h pi [hpi]), whereas 10 mg/kg and 50 mg/kg yielded 0Á0% survival on 204 and 120 hpi, respectively. Based on the dose-response data described above, we selected the 25 mg/ kg dose of SCG for subsequent experiments. PBS-treated mice presented with clinical signs of inactivity, ruffled hair, inappetence, emaciation, and labored respiration from 24 hpi; however, the mice treated with oseltamivir or SCG showed no obvious clinical signs ( Figure 1B ). Visual grading of clinical changes was performed ( Figure 1C) . Compared with the mice in PBS group, mild clinical changes were observed in the mice after SCG and oseltamivir treatment.
Unlike the 0Á0% survival observed on 144 hpi in PBS-treated mice, the survival rates of the SCG-and oseltamivir-treated mice were 15% and 22% on 240 hpi ( Figure 1D ), respectively. No significant differences in body weight were observed between PBS-, SCG-, and oseltamivir-treated mice ( Figure 1E ). These results suggest that SCG treatment could improve the clinical symptoms and survival of H5N1-infected mice.
Virus replication in the lungs
To further determine the protective effects of SCG in H5N1-infected mice, we examined viral replication in the lungs of infected mice. Plaque assays were performed to assess the presence of viral particles in the lung homogenates. On day 3 pi, obvious PFU were present, but there was no difference between homogenates from control mice, infected mice, and SCG-treated mice. However, significant differences were detected in oseltamivir-treated mice. Similarly, no significant difference was seen in infected control and SCG-treated mice on day 5 pi, whereas significantly fewer PFU were present in oseltamivir-treated mice (P < 0Á01) (Figure 2A ). The copy numbers of the hemagglutinin gene were determined using real-time quantitative PCR to assess viral replication in the lungs. As shown in Figure 2B , no difference was observed between infected control and SCG-treated mice on days 3 and 5 pi. However, significantly fewer copy numbers were detected in oseltamivir-treated mice compared with both SCG-treated and control mice (P < 0Á01). After infection, a large number of influenza virus N proteinpositive cells were detected in mucosa epithelial cells, alveolar epithelial cells, lamina propria of the trachea, and inflammatory lymphocytes in H5N1-infected mice. Although fewer positive cells were observed in the same tissues of SCGtreated mice, positive cells in the lungs of oseltamivir-treated mice were only observed in mucosa and alveolar epithelial cells ( Figure 2C ). These results suggest that SCG treatment did not significantly reduce the viral titer in the lungs of H5N1-infected mice.
Pathological changes
H5N1-HPAIV infection can lead to severe lung lesions with the histopathological features of progressive pneumonia. To determine whether the degree of histopathological changes could be improved by SCG treatment, the lungs of mice in each group were examined on days 3 and 5 pi. On day 3 pi, hyperemia and hemorrhage in the trachea and lungs, a small amount of inflammatory cell infiltration into the nose and trachea, peribronchiolitis, and desquamation of the bronchia epithelial cells were observed in virus-infected mice. In SCGtreated mice, no obvious lesions were visible in the nose; there were mild hemorrhage in the submucosa of the trachea, and hyperemia and hemorrhage in the lungs with a small amount of inflammatory cell infiltration. No significant pathological changes were observed in oseltamivir-treated mice, with only mild hyperemia and hemorrhage in the lungs. On day 5 pi, severe pathological changes were observed in virus-infected mice, which presented as a large number of inflammatory cells and epithelial exfoliation in the nose, hemorrhage, edema, and inflammatory cell infiltration in the lamina propria of the trachea, massive hemorrhage, several erythrocytes, and inflammatory cells in alveolar cavity, and necrosis and falloff of the bronchia epithelial cells with significant inflammatory cell infiltration ( Figure 3A) . In contrast, lesser lesions were observed in SCGtreated mice, which exhibited a small number of inflammatory cells in the nose, hyperemia and hemorrhage in the outer membrane of the trachea and lungs, and a widened gap around the bronchia that was infiltrated with edema fluid and inflammatory cells ( Figure 3A) . In oseltamivir-treated mice, there were no obvious lesions in the nose, a small number of necrotic epithelial cells, edema, a small number of inflammatory cells in the lamina propria of the trachea, mild hemorrhage, and necrotic epithelial cells in the bronchia in the lungs ( Figure 3A) . No obvious pathological changes were observed in only PBS-or SCG-treated mice without H5N1 infection. After visual grading of pathological changes, the SCG could alleviate the pathological score compared with PBS-treated mice after H5N1 infection ( Figure 3B ). These results suggest that SCG treatment could significantly reduce the inflammatory response and lesions in the nose, trachea, and lungs of H5N1-infected mice. Therefore, it has the potential to improve the clinical outcome of H5N1 infection.
Expression of IL-6, TNF-a, IFN-c, TLR3, and TRIF in the lungs
To further investigate whether SCG treatment could reduce the inflammatory response and possible mechanisms in H5N1-infected mice, the expression of the genes IL-6, TNF-a, IFN-c, TLR3, and TRIF in the lungs was examined using real-time quantitative PCR. As shown in Figure 4 , SCG treatment reduced the expression of IL-6 and TNF-a from day 3 to day 5 pi, and the difference was significant between days 3 and 5 pi (P < 0Á05). Continuously lower expression of IL-6 and TNF-a was detected in the lungs of oseltamivir-treated mice, and the difference was significant on days 3 and 5 pi compared with virus-infected control mice (P < 0Á05). There were no significant differences in IFN-c expression in SCG-and PBS-treated mice, but significant differences were detected in oseltamivir-treated mice (P < 0Á05). Different from these in PBS-treated mice, the gene expression of TLR3 and TRIF in SCG-treated mice was not significantly increased (P < 0Á01). These observations were consistent with the histopathological changes described above, which suggested that SCG treatment could significantly reduce the inflammatory response in the lungs of H5N1-infected mice by downregulation of TLR3 and TRIF expression. Therefore, SCG has the potential to improve survival during H5N1 infection.
Discussion
Highly pathogenic influenza A virus infection could induce acute lung injury with an accompanying severe inflammatory response, which is considered to be the main cause of death. [28] [29] [30] Currently, oseltamivir is the first choice treatment, which has a significant effect on influenza A virus replication and inflammatory cytokine production, and can obviously improve the survival rate. However, an increasing number of drugresistant viruses have been discovered recently owing to the enormous genetic variation of influenza virus. [31] [32] [33] [34] [35] [36] [37] Because of the amplified inflammatory response after H5N1 infection, anti-inflammatory drugs have been considered to treat humans exposed to the influenza A virus. A previous study found that orthotopic autologous liver transplantation could induce acute lung injury and that the administration of cromolyn sodium or ketotifen significantly inhibited the activation of mast cells and downregulated proinflammatory cytokine levels. 38 Our previous studies demonstrated that mast cells are involved in lung injury in H5N1-infected mice and that ketotifen treatment could significantly attenuate the pathological changes in the lungs. 19 However, the present study is the first to demonstrate therapeutic effects of SCG against influenza A virus H5N1 in mice. Specifically, SCG treatment resulted in improved survival rates and clinical symptoms, alleviated lung lesions, and reduced levels of proinflammatory cytokines.
In this study, no significant difference was found in the viral titers in the lungs of SCG-and PBS-treated mice on days 3 and 5 pi, which suggests that SCG did not inhibit Figure 4 . The expression of IL-6, TNF-a, IFN-c, TLR3, and TRIF in the lungs of mice in the different treatment groups on days 3 and 5 post-infection was determined using real-time PCR. The results are presented as means AE SDs of triplicate samples from three independent experiments. * P < 0Á05 and ** P < 0Á01 compared with PBS group after infection; # P < 0Á05 and # P < 0Á01 compared with SCG group after infection. H5N1 virus replication. In contrast, significant differences in the viral titers were detected between the oseltamivir group and the other two groups. Therefore, these results suggest that the SCG and oseltamivir act via different protective mechanisms because oseltamivir could inhibit viral replication whereas SCG only inhibited mast cell activation. Although virus replication was uninhibited in the lungs after H5N1 infection, but the clinical symptoms and the survival rates were improved after SCG treatment. The results indicate that SCG could protect mice from H5N1 virus infection by regulating the response of the mast cells. Moreover, compared with oseltamivir, the therapeutic effect of SCG was not as effective against highly pathogenic AIV H5N1 infection. This suggests that combination drug therapy might be the choice to delay the emergence of drug-resistant strains and improve the therapeutic effect.
Analysis of the respiratory pathological changes after H5N1 infection revealed that there was significant inflammatory cell infiltration in H5N1 virus-infected mice, whereas fewer pathological changes were observed in SCG-treated mice. This suggests that SCG could stabilize mast cells to reduce the release of cytokines and chemokines and alleviate inflammatory cell infiltration in the lungs. These results further suggest that mast cells are involved in the pathogenesis of H5N1 virus infection and that preventing aberrant inflammation could protect the mice from mortality. Previous studies reported that cytokine dysregulation contributed to the severity of influenza H5N1 virus infection. 39, 40 Consistent with those, the current results in our report further support that an atypical immune response, rather than uncontrollable virus replication, resulted in acute mortality after highly pathogenic H5N1 virus infection.
Cytokines play important roles in innate and adaptive immune responses during virus infection, particularly for eliminating the virus and protecting the host during the early infection period. However, the overexpression of these cytokines causes a variety of complications and pathological injuries. Previous studies reported that TNF-a and IL-6 could aggravate the clinical symptoms and histopathological changes of influenza virus-infected mice. 41, 42 We hypothesize that SCG could stabilize the membrane of mast cells, which inhibits the release of inflammatory mediators and alleviates the inflammatory response induced by H5N1 infection. In the current study, increased expression of TNF-a and IL-6 in PBS-treated mice was detected on day 3 pi, and further increased expression was found on day 5 pi, which involved in the inflammatory lung injury. In contrast, the expression of TNF-a and IL-6 was decreased significantly on days 3 and 5 pi in SCG-treated mice, which suggests that SCG could improve the mortality of virus-infected mice by preventing the overproduction of proinflammatory cytokines. Many studies have found that mast cells could be involved in virus infection using TLR3, RIG-I, and MDA5 to sense viral RNA. [43] [44] [45] In our study, the expression of TLR3 and TRIF in the lungs of SCG-treated mice decreased, which suggested that SCG might have some roles in the TLR3 pathway in mast cells during H5N1 infection. Similar to PBS-treated mice, no increase in IFN-c in SCG-treated mice was observed, which suggests that SCG could not inhibit virus replication, and it is inconsistent with the results of plaque assay. However, different from SCG, oseltamivir could inhibit the virus replication and increase the antiviral cytokine IFN-c expression, further indicating that there are different mechanisms of anti-H5N1 virus infection between these two drugs. The reduced expression of TNF-a and IL-6 in SCG-treated mice resulted in fewer respiratory pathological changes and milder clinical symptoms that were significantly different from those in H5N1 virus-infected mice. Therefore, we concluded that SCG protected H5N1 virus-infected mice by reducing proinflammatory cytokine production rather than inhibiting virus replication.
Conclusion
In summary, SCG protected mice effectively from death after H5N1 infection by alleviating inflammatory injury via its function as an inhibitor of mast cell degranulation. These data provide a novel approach for combating highly pathogenic influenza virus infection.
